Sideband Cooling Beyond the Quantum Limit with Squeezed Light by Clark, Jeremy B. et al.
Sideband Cooling Beyond the Quantum Limit with Squeezed Light
Jeremy B. Clark, Florent Lecocq, Raymond W. Simmonds, Jose´ Aumentado, John D. Teufel
National Institute of Standards and Technology, Boulder, CO 80305 USA
(Dated: June 29, 2016)
Quantum fluctuations of the electromagnetic vacuum produce measurable physical effects such as Casimir
forces and the Lamb shift [1]. Similarly, these fluctuations also impose an observable quantum limit to the
lowest temperatures that can be reached with conventional laser cooling techniques [2, 3]. As laser cooling
experiments continue to bring massive mechanical systems to unprecedented temperatures [4, 5], this quantum
limit takes on increasingly greater practical importance in the laboratory [6]. Fortunately, vacuum fluctuations
are not immutable, and can be “squeezed” through the generation of entangled photon pairs. Here we propose
and experimentally demonstrate that squeezed light can be used to sideband cool the motion of a macroscopic
mechanical object below the quantum limit. To do so, we first cool a microwave cavity optomechanical system
with a coherent state of light to within 15% of this limit. We then cool by more than 2 dB below the quantum
limit using a squeezed microwave field generated by a Josephson Parametric Amplifier (JPA). From heterodyne
spectroscopy of the mechanical sidebands, we measure a minimum thermal occupancy of 0.19± 0.01 phonons.
With this novel technique, even low frequency mechanical oscillators can in principle be cooled arbitrarily close
to the motional ground state, enabling the exploration of quantum physics in larger, more massive systems.
Rapid progress in the control and measurement of mas-
sive mechanical oscillators has enabled tests of fundamental
physics, as well as applications in sensing and quantum infor-
mation processing [7]. The noise performance of these exper-
iments, however, is often limited by thermal motion of the me-
chanical mode. Although the most sophisticated refrigeration
technologies can be sufficient for cooling high frequency me-
chanical structures to the ground state [8, 9], observing quan-
tum behavior in lower frequency mechanical systems requires
other cooling methods. Recent efforts using active quantum
feedback have been remarkably successful in preparing mo-
tional states with low entropies [10]. Thus far, however, only
laser cooling techniques similar to those that revolutionized
the coherent control of atomic systems [11, 12] have yielded
thermal occupancies below one quantum [4–6]. Neverthe-
less, vacuum fluctuations impose a lowest possible temper-
ature that can be achieved using these techniques [2, 3]. This
limit is now being encountered in state of the art experiments
involving macroscopic oscillators [6].
The concept of sideband cooling relies on the removal
of mechanical energy by scattering incident drive photons
to higher frequencies. In general, however, this photon
up-conversion (anti-Stokes) process competes with a down-
conversion (Stokes) process that adds energy to the mechan-
ical system. In cavity optomechanics [7], a light-matter in-
teraction arises due to a parametric modulation of an optical
cavity’s resonance frequency with a mechanical oscillator’s
position. When the cavity is driven at detuning ∆ below its
resonance frequency, the difference in the cavity’s density of
states at the mechanical sideband frequencies leads to a domi-
nant anti-Stokes scattering rate (see Fig. 1). The disparity be-
tween the Stokes and anti-Stokes scattering rates grows as the
cavity’s linewidth, κ, decreases relative to the mechanical os-
cillator’s resonance frequency, Ω. Accordingly, optomechani-
cal systems in the “resolved sideband” limit (κ  Ω) can be
cooled to low temperatures with coherent states of light. A
full quantum analysis, however, shows that vacuum fluctua-
Figure 1. Experimental setup. a, An optomechanical cavity (full
width at half maximum, κ) is driven at detuning, ∆, with a displaced
squeezed state. The interaction scatters photons to mechanical side-
bands at δ = ±Ω, where Ω denotes the mechanical resonance fre-
quency. An anti-Stokes scattering process (upper sideband) carries
energy away from the mechanical mode at rate Γ+. The Stokes scat-
tering rate (lower sideband) heats the mechanical mode at rate Γ−. b,
Microwave implementation. A squeezed microwave state of phase θ
drives a resonant circuit consisting of a spiral inductor and vacuum-
gap parallel plate capacitor. c, False-colored scanning electron mi-
crograph of the mechanically compliant aluminum membrane that
forms the top plate of the capacitor.
tions always stimulate some degree of Stokes scattering [2, 3],
which prevents true ground state cooling.
Although the sideband cooling limit rests on an intuitive
set of assumptions, it is not a fundamental limit. Proposals to
cool below this limit include pulsed cooling schemes [13, 14],
dissipative coupling [15], optomechanically-induced trans-
parency [16], and nonlinear interactions [17, 18]. For atomic
laser cooling, it has been proposed [19–21] that squeezed
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Figure 2. a, Theoretical mechanical bath temperature nbathm (in units of phonons) established by squeezed light for various cavity linewidths,
κ, and drive detunings, ∆, normalized to the mechanical resonance frequency, Ω. Panel (i) maps the theory for traditional sideband cooling
with a pure coherent state. Panels (ii), (iii), and (iv) map the bath temperatures established by -2.5 dB, -4.8 dB, and -6 dB of pure squeezing,
respectively. The squeezing phase is optimized to θ = θ0 at all points in phase space to consider the lowest possible bath temperatures. b,
Line cuts of corresponding to our experimental cavity linewidth, κ = 2.7 Ω. These contours are indicated in part (a) by the white horizontal
lines. The critical squeezing parameter rc = 0.55 (Eq. 5) achieves nbathm = 0 at drive detuning ∆0. Detunings ∆
±
0 represent the optimal drive
detunings for more strongly squeezed states (r > rc). At either of these detunings, nbathm = 0.
light can yield an advantage over laser cooling with coher-
ent states. Here we propose and implement an analogous
quantum-enhanced cooling scheme for cavity optomechanical
systems. Using the Heisenberg-Langevin equations, we show
that driving an optomechanical cavity with a pure squeezed
state of light can coherently null the Stokes scattering pro-
cess, theoretically eliminating the quantum backaction limit
from sideband cooling. We then implement this squeezing-
enhanced cooling method in a microwave cavity optomechan-
ical system [4] to achieve cooling below the quantum limit.
The Hamiltonian that governs the interaction between
cavity mode aˆ and mechanical mode bˆ is given by
Hˆint = −~g(aˆ† + aˆ)(bˆ† + bˆ). Here, g is the parametrically
enhanced optomechanical coupling rate, which is proportional
to the amplitude of the drive field [7]. When driving the sys-
tem with a pure coherent state, the Stokes and anti-Stokes
scattering rates are respectively proportional to Γ−×(nm +1)
and to Γ+×nm in the weak coupling limit (g  κ). Here, nm
is the equilibrium phonon occupancy of the mechanical mode,
and
Γ± =
4g2κ
κ2 + 4(Ω±∆)2 . (1)
As g increases, the products Γ− × (nm + 1) and Γ+ × nm
tend toward equilibrium, which removes the cooling power
of the scattering processes. Accordingly, the minimum pos-
sible phonon occupancy n0m should satisfy the condition
Γ+ × n0m = Γ− × (n0m + 1), or
n0m =
Γ−
Γ+ − Γ− = −
κ2 + 4(∆ + Ω)2
16∆Ω
. (2)
The expression for n0m is minimized at the optimal drive de-
tuning ∆0 = − 12
√
κ2 + 4Ω2. Even at this ideal detuning,
however, n0m does not vanish.
It is convenient to describe the cooling process by mod-
eling the mechanical mode as being coupled to two thermal
reservoirs held at different temperatures [2, 3]. One of these
reservoirs is provided by the surrounding thermal environ-
ment, which results in an initial thermal phonon occupancy,
nthm . The coupling rate to this environment is given by the me-
chanical oscillator’s intrinsic decoherence rate, Γ. At the same
time, the mechanics also couples to an effective thermal reser-
voir whose temperature is determined by the quantum state
of the applied light field. The coupling rate to this reservoir
is given by the optical damping rate, Γopt = Γ+ − Γ−. For
a coherent state of the drive field, the bath temperature is pa-
rameterized by n0m. The equilibrium phonon occupancy, nm,
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Figure 3. Experimentally measured power spectral densities (normalized to the shot noise limit) of the upper and lower mechanical sidebands
for various squeezed states driving the optomechanical cavity at detuning ∆ = ∆0. The shaded regions show the theoretically predicted
behavior. a, Measured sidebands as a function of the squeezing phase, θ, for r/rc = 1.3 and nl = 4.2. b, Measured sidebands at θ = θ0 as a
function of the applied field’s squeezing parameter, r. The Lorentzian peak becomes a dip when r exceeds rc = 0.55, as expected from Eq. 7.
follows from detailed balance:
nm =
Γ× nthm + Γopt × n0m
Γ + Γopt
. (3)
The enhancement provided by the squeezing can be quan-
tified by generalizing the expression for n0m to the case of
squeezed drive states. The resulting bath temperature, nbathm ,
varies with both the strength and phase of the applied squeez-
ing. We will parameterize the squeezing’s strength and phase,
respectively, by a squeezing parameter, r, and phase, θ [22].
The squeezing phase that minimizes nbathm varies with drive
detuning, ∆, according to θ0 = −4∆κ/(κ2 + 4(Ω2 −∆2)).
When driving an optomechanical system at this phase,
nbathm =
(
√
Γ− cosh r −
√
Γ+ sinh r)
2
Γopt
. (4)
The consequences of Eq. 4 are far-reaching. While intuition
might suggest that the cooling enhancement scales with the
squeezing (i.e. that nbathm ∝ n0m × e−2r), this is not the case.
Instead, Eq. 4 reveals that it is always possible to select a finite
squeezing parameter, r, such that nbathm vanishes. To do so, r
must meet or exceed a critical value, rc, given by
rc =
1
2
sinh−1
(
κ
2Ω
)
. (5)
This critical squeezing strength is deeply related to a limit
in the “ponderomotive squeezing” produced by off-resonantly
driving the cavity with a coherent state (see supplementary
information).
An optomechanical cavity driven with a pure, critically
squeezed state at the traditional optimal detuning, ∆0, yields
nbathm = 0. For more strongly squeezed states (r > rc), the
optimal drive detuning bifurcates into a pair of optimal detun-
ings ∆±0 = −Ω cosh(2r)± 12
√
4Ω2 sinh2(2r)− κ2. At ei-
ther of these detunings, nbathm = 0. Figure 2 illustrates this
behavior by mapping nbathm as a function of κ/Ω and ∆/Ω
for several values of the squeezing. Notably, the plots show
how the use of squeezed light pushes colder mechanical bath
temperatures into the “bad cavity” limit (κ Ω) where tradi-
tional sideband cooling with coherent states is less effective.
Realistic laboratory conditions place practical bounds on
the strength and the purity of the squeezing that can be gen-
erated to achieve a cooling enhancement. To address these
limitations, we will exploit the freedom to model any impure
Gaussian state as a thermal state subject to an ideal entropy-
preserving squeezing operation [23]. In this picture, the prod-
uct of the major and minor axes of the light field’s noise el-
lipse obeys 〈(∆Xˆ)2(∆Yˆ )2〉 = (1 + 2nl)2/16. The purity of
the squeezing is parameterized by nl, which denotes the effec-
tive thermal occupancy of the light field prior to the squeezing
operation. It should be emphasized that any type of impurity
introduced to the light field (e.g. by loss, parasitic nonlinear
processes, etc.) will be treated using this model (see supple-
mentary information).
In the presence of impure squeezing, Eq. 4 generalizes to
n˜bathm = n
bath
m +
nl ×
(Γ+ + Γ−) cosh 2r − 2
√
Γ−Γ+ sinh 2r
Γopt
. (6)
4An examination of Eq. 6 reveals that the critical squeezing
strength, rc, and the optimal drive detuning(s), ∆
(±)
0 , re-
main unaltered when nl > 0. The impurity of the squeez-
ing does, however, limit the lowest achievable mechanical
bath temperature to n˜bathm ≥ nl. This inequality saturates
to n˜bathm = nl provided that “strongly” squeezed light fields
(r ≥ rc) drive the systm at the optimal detunings. Thus, even
impure squeezed states of light can be used to remove the
quantum backaction limit from the cooling physics entirely.
To experimentally demonstrate a cooling enhancement,
we drive a microwave cavity optomechanical system with a
squeezed state generated by a JPA [24]. The microwave “cav-
ity” consists of a vacuum-gap parallel plate capacitor [25]
shunted by a 15 nH spiral inductor, yielding a cavity reso-
nance frequency of ωc = 2pi × 6.4 GHz. Our experiments
are performed in a dilution cryostat held at T = 37 mK, re-
sulting in an initial mechanical occupancy of approximately
75 phonons. For all experiments, the cavity is driven at the
traditional optimal detuning, ∆0. Furthermore, we operate
in the limit of strong damping where Γopt = 2pi × 36 kHz
exceeds the thermal decoherence rate, Γ × nthm , by approxi-
mately a factor of 30. As such, the mechanical temperature is
primarily determined by the quantum state of the drive field
and not by the thermal environment. The cavity’s linewidth
(κ = 2pi× 27 MHz) is comparable to twice the resonance fre-
quency of the aluminum membrane’s primary flexural mode
(Ω = 2pi × 10.1 MHz). Importantly, however, the cavity’s in-
ternal loss rate (κ0 < 2pi × 100 kHz) is small enough relative
to κ that the effects of internal cavity loss can be neglected
(see supplementary information).
Figure 3a displays measured power spectral densities of the
two mechanical sidebands when the system is driven at var-
ious squeezing phases, θ. The data show that the sidebands
generally display a Fano-like spectral lineshape due to the in-
terference of the injected correlations [24]. As the squeezing
phase passes through θ0 (or θ0 − pi), however, the sidebands
exhibit Lorentzian lineshapes. These two cases yield extrema
in the mechanical mode temperature, which are of primary
interest.
Correctly inferring the mechanical temperature from the
heterodyne spectra can be subtle. Although the optimum
squeezing phase yields Lorentzian mechanical sidebands, an
interference effect persists that distorts the results of standard
sideband thermometry. For the case of uncorrelated drive
noise, this effect has been well-characterized experimentally
[26, 27]. The effects of correlated noise are more complicated,
but they can be handled by introducing effective phonon oc-
cupancies for the upper sideband (n+eff ) and for the lower side-
band (n−eff ). Relative to the noise floor, the Stokes scattering
rate scales as Γ− × (n−eff + 1), whereas the anti-Stokes rate is
proportional to Γ+ × n+eff . When θ = θ0, n±eff are related to
the actual phonon occupancy, nm, by
n±eff = nm∓nl cosh 2r∓sinh2 r±
√
Γ∓
Γ±
( 12+nl) sinh 2r. (7)
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Figure 4. a, Measured phonon occupancy, nm, as a function of
the drive’s squeezing parameter, r. The blue and red points corre-
spond to data retrieved from the upper and lower mechanical side-
bands, respectively. Black points show the measured occupancy with
no applied squeezing, indicating sideband cooling to within 15% of
the coherent state “quantum limit” (dashed line labeled “QL”). The
gray band illustrates the expected range in the cooling enhancement
given independent measurements of the full state of the squeezing.
b, Power spectral densities of the mechanical sidebands (which are
normalized to the shot noise limit) corresponding to the data taken at
the coldest mechanical temperature, nm = 0.19. The indicated un-
certainties specify the standard deviation of the mean obtained over
8 experiments.
Thus, extracting nm from the detected sidebands amounts to
subtracting these interference terms from the experimentally
measured values, n±eff .
Equation 7 contains an important signature of the on-
set of critical squeezing in the strong damping limit
(Γopt  Γ× nthm ). For any nl ≥ 0, the effective phonon oc-
cupancies reduce to n+eff = 0 and n
−
eff = −1 when r = rc
and ∆ = ∆0. In other words, a critically squeezed state nulls
both mechanical sidebands to the noise floor, regardless of the
squeezed state’s purity. Figure 3b illustrates this effect as r is
increased through rc = 0.55. When r > rc (and the detuning
is held to ∆ = ∆0), the mechanical sidebands dip below the
heterodyne noise floor. In a manner analogous to active feed-
back cooling [10], these dips signal the onset of mechanical
heating.
In Fig. 4, we use heterodyne spectroscopy of both mechan-
ical sidebands to measure the thermal occupancy of the me-
chanical mode [6, 28, 29]. Starting first with a coherent state,
5we cool the mechanical mode to within 15% of the quantum
limit, n0m = 0.33. Without changing Γopt, we then increase
the squeezing parameter, r, by increasing the pump power to
the JPA (while holding θ = θ0). As shown in Fig. 4b, the
heights of the measured sidebands remain nearly identical for
any value of r. Using Eq. 7, we extract nm from the side-
bands as a function of the squeezing strength. These results
are then compared against theory, which is represented by the
gray zone plotted in Fig. 4a. As expected, our results show
that the cooling enhancement improves with the strength of
the correlations for smaller values of the squeezing parame-
ter (r < 0.25). As r is increased, however, the limited mi-
crowave transmittance (ηin = 57± 2%) between the JPA and
the optomechanical cavity leads to a degradation in the purity
of the squeezing driving the system. This leads to an inverse
relationship between r and nl and a minimum mechanical oc-
cupancy nm = 0.19± 0.01 at r = 0.3.
Our data demonstrate that squeezed light can be used to
cool a cavity optomechanical system below the quantum limit.
Analytical expressions for the mechanical mode temperature
indicate that the primary cooling bottleneck is set by the purity
of the applied squeezing. A natural extension of this effort
would be to parametrically swap an itinerant squeezed light
field into the mechanical state [7, 30], promising mechanically
squeezed states of unprecedented strength. Looking forward,
this generic technique could immediately improve the cooling
of any generic cavity optomechanical system, even allowing
true ground state cooling of systems outside of the resolved
sideband regime.
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6Supplementary Information
SUPPLEMENTARY METHODS
Microwave Set-up
Figure 5 depicts the thermalization stages of the dilution
cryostat used to perform the experiments. The room temper-
ature microwave set-up (not pictured) was identical to that
detailed in [24], with only the heterodyne detection path-
ways selected. We note an increase in the cold stage atten-
uation of the microwave drive lines to the Josephson Paramet-
ric Amplifier (JPA) and to the optomechanical (OM) circuit.
This change was intended to minimize any observable ther-
mal noise on the microwave field driving the optomechanical
circuit, which we estimate to be less than 0.05 thermal pho-
tons. The initial thermal occupancy of the mechanical mode
(approximately 75 phonons) agrees with the measured base
temperature (T = 37 mK) of the dilution cryostat. The noise
performance of the microwave heterodyne detection is set by
a cryogenic, HEMT amplifier. We measure a detection chain
noise temperature of TN = 4.6 K, which corresponds to an
effective heterodyne detection efficiency of ηdet = 6.5%.
Measurement of nm
We describe the procedure used to retrieve the equilibrium
phonon occupancy, nm, from the measured mechanical side-
bands. When the cavity is driven with squeezed light, the
power spectral densities of the sidebands generally display
“Fano” lineshapes (see Fig. 3a). The exact shapes of the side-
bands depend on the phase of the applied squeezing, θ (de-
fined in Fig. 1). At the two special squeezing phases θ = θ0
and θ = θ0 − pi, however, these sidebands exhibit Lorentzian
lineshapes. Again, θ0 denotes the squeezing phase that yields
optimal sideband cooling:
θ0 = tan
−1
( −4∆κ
κ2 + 4(Ω2 −∆2)
)
. (8)
In contrast, the squeezing phase θ = θ0 − pi leads to maximal
heating of the mechanical mode.
The fact that the mechanical sidebands are Lorentzians at
these two phases allows a “naive” application of typical side-
band thermometry techniques. At either of these squeezing
phases, the heights of the Lorentzian mechanical sidebands
are proportional to
Upper sideband : Γ+ × n+eff (9)
Lower sideband : Γ− × (n−eff + 1), (10)
where the heights are taken with respect to the heterodyne
noise floor (which rises with the squeezing). Here, n±eff
represent the effective thermal occupancies of the mechan-
ical mode retrieved from the upper (+) and lower (-) side-
bands. It should be emphasized that these expressions assume
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Figure 5. Cryogenic measurement set-up. LPF = low-pass filter, JPA
= Josephson Parametric Amplifier, OM = optomechanics, HEMT =
high-electron-mobility transistor amplifier. The components shaded
in gray signify broadband microwave attenuators. The rectangular
components shaded red indicate directional couplers.
a strongly overcoupled cavity. Additionally, the widths of the
Lorentzian sidebands (Γtot = Γ+ − Γ− + Γ) do not change
with the squeezing . Γ± are defined in Eq. 1 of the main text.
In general, n−eff 6= n+eff , and n±eff 6= nm. Therefore, standard
sideband thermometry does not yield the correct mechanical
temperature when the system is driven with squeezed light.
Fortunately, the corrections to n±eff are straightforward to ap-
ply. As explained in the main text, n±eff are related to the actual
mechanical occupancy, nm, by
n+eff = nm − nl cosh 2r − sinh2 r ±
√
Γ−
Γ+
( 12 + nl) sinh 2r
(11)
n−eff = nm + nl cosh 2r + sinh
2 r ∓
√
Γ+
Γ−
( 12 + nl) sinh 2r,
(12)
where the top (bottom) sign corresponds to the case where
θ = θ0 (θ = θ0 − pi). In Eqs. 11 and 12, r and nl respectively
denote the squeezing parameter for an ideal, unitary squeez-
ing process applied to an initial thermal state of occupancy
nl = Tr(ρˆaaˆ
†aˆ). As emphasized in the text, r and nl are
used to describe any impure Gaussian state, regardless of the
origins of the impurity.
Before using Eqs. 11 and 12 to infer nm, we retrieve system
parameters g, κ, and Ω by interrogating the optomechanical
system with an unsqueezed microwave field using standard
techniques. With these parameters determined, we vary the
state of the squeezing by changing the amplitude and phase of
7the pump driving the JPA (see Fig. 5). Equations 11 and 12
make it clear that n±s vary as a function of κ, Ω, ∆, and θ,
which are known. They also vary as a function of r and nl,
which we treat as unknown quantities.
The unknown parameters r and nl are uniquely determined
by two measurements of n+eff (or of n
−
eff ) at the two squeez-
ing phases of interest, θ = θ0 and θ0 − pi. Since r and nl
also specify nm (in conjunction with the known parameters g,
κ, Ω, ∆, and θ), we are able to retrieve the mechanical tem-
perature without presupposing the state of the squeezing. In
other words, the measurements of each sideband reveal both
the state of the squeezing driving the mechanical mode and the
mechanical mode’s phonon occupancy. These measurements
were repeated for both the upper and lower sidebands at each
value of r in Fig. 4, yielding two independently retrieved val-
ues of nm (one per sideband). These results were compared
against separate measurements of the squeezing (from homo-
dyne tomography and from QND measurements [24]), which
were used to compute the gray theory zone in Fig. 4.
SUPPLEMENTARY DISCUSSION
This section will augment important theoretical ideas that
were not discussed at length in the main text. In particular,
we will develop an intuition for the existence of a critical
squeezing strength required for ground state cooling. Addi-
tionally, we will discuss several effects that limit the cooling
enhancement provided by the squeezing. These results can
be straightforwardly derived using the steady-state solutions
of the Heisenberg-Langevin equations. We therefore begin by
specifying the assumptions used to solve those equations.
The Hamiltonian that describes the coupling of the cavity
mode aˆ to the mechanical mode bˆ is given by [7]
Hˆint = −~g0aˆ†aˆ(bˆ† + bˆ), (13)
where g0 represents the vacuum optomechanical coupling
rate. As expressed in the main text, however, we take the
common approach of working in a linearized regime in which
a coherent buildup of cavity photons 〈aˆ†aˆ〉 = |α|2 (i.e. the
“stick” in the “ball and stick” picture of a Gaussian state) en-
hances the coupling rate according to g = α× g0. The cavity
and mechanical field quadrature fluctuations then couple to-
gether according to
Hˆ linint = −~g(aˆ† + aˆ)(bˆ† + bˆ). (14)
Under the linearized coupling assumption, the evolution of
the fields is described by coupled Heisenberg-Langevin equa-
tions
˙ˆa = −(κ2 − i∆)aˆ+ ig(bˆ† + bˆ) +
√
κextξˆ
ext
a +
√
κ0ξˆ
int
a
(15)
˙ˆ
b = −(Γ2 + iΩ)bˆ+ ig(aˆ† + aˆ) +
√
Γξˆb, (16)
where {ξˆia} and ξˆb represent environmental noise operators
for modes aˆ and bˆ. These noise operators couple to the cav-
ity and mechanical fields at rates {κi} and Γ, respectively.
ξˆexta denotes the noise environment set by the squeezing. κext
parameterizes the coupling rate to the feed line carrying the
squeezed field. The cavity’s internal dissipation is modeled
by introducing an “internal” noise operator, ξˆinta , which is as-
sumed to be at zero temperature. The mechanical bath opera-
tors, ξˆb, are assumed to satisfy the characteristics of a thermal
state, with an average thermal occupancy nthm = Tr(ρˆbξˆ
†
b ξˆb).
All baths are assumed to be Markovian (i.e. memoryless). Fi-
nally, the input-output relation
ξˆext, outa = −ξˆexta +
√
κextaˆ (17)
is used to evaluate the heterodyne spectrum of the reflected
drive field, ξˆext, outa .
It should be noted that the solutions to Eqs. 15 and 16 con-
tain a well-known “optical spring” effect:
Ωtot = Ω
+ g2
(
∆− Ω
κ2/4 + (∆− Ω)2 +
∆ + Ω
κ2/4 + (∆ + Ω)2
)
. (18)
In the main text, all references to the mechanical resonance
frequency, Ω, actually refer to Ωtot. For our experimental
parameters, however, this distinction is not crucial since the
optical spring amounts to about 1% correction at our highest
applied drive powers.
Intuition for the Critical Squeezing
One of the most counterintuitive aspects of the cooling en-
hancement is the requirement of a minimum level of applied
squeezing to achieve ground state cooling. In this section,
we show that this critical level of squeezing is intimately re-
lated to the minimum level of “ponderomotive” squeezing
[31–35] that can be generated by driving the optomechani-
cal cavity with a coherent state in the strong damping limit
(Γopt  Γ× nthm ). To sketch this picture, we will derive the
limit of the ponderomotive squeezing that can be achieved for
off-resonant coherent state drives. The critical squeezing pa-
rameter, rc, and bifurcated detuning solutions, ∆±0 , can be
derived from this limit. The discussion will conclude with a
calculation of the remaining ponderomotive squeezing after
the optomechanical system is seeded with a squeezed state of
arbitrary strength, r.
Ponderomotive Squeezing
The interaction between an applied coherent state and an
optomechanical cavity squeezes the reflected light field near
the mechanical resonance frequency, Ω (which is taken to in-
clude “optical springing” effects). Typically, such pondero-
motive squeezing is generated using a resonant coherent drive
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Figure 6. Calculated power spectral density of the pondero-
motive squeezing (solid lines) and antisqueezing (dashed lines)
that would be detected by an ideal homodyne receiver. SNL de-
notes the shot noise limit (vacuum fluctuations). The indicated
mechanical resonance frequency, Ω, includes optical springing ef-
fects. The color of each curve denotes the resulting power spec-
tral density produced by either of two coherent state pump detun-
ings satisfying (∆/∆0)±1 = constant. Here, ∆0 denotes the tra-
ditional optimal drive detuning when sideband cooling with co-
herent states (Eq. 21). All curves assume a mechanical quality
factor Qm = 5 × 105, a constant (and strong) optical damping
rate Γopt = Γ+ − Γ− = 103 × Γ, a lossless optomechanical cavity,
and zero temperature. Additionally, a normalized cavity linewidth
κ/Ω ≈ 2.85 has been assumed, which yields -10 dB of ponderomo-
tive squeezing when ∆ = ∆0 (see Eq. 20).
tone (∆ = 0) since, in this case, the resulting squeezing scales
with the applied drive power. Nevertheless, ponderomotive
squeezing persists even in the case where the drive field is
tuned below cavity resonance (i.e. when ∆ < 0). In this case,
however, the squeezing does not scale arbitrarily high with
pump power. Instead, at any red drive detuning ∆ < 0, the
state’s squeezing parameter rOM saturates to
sinh(rOM) = 2
√
Γ−Γ+
Γ2opt
, (19)
where Γ± are defined in Eq. 1. Equation 19 assumes negligi-
ble thermal mechanical noise, such that Γopt  nthm × Γ. At
zero temperature, Eq. 19 also holds under the weaker condi-
tion that Γopt  Γ.
The expression for rOM in Eq. 19 confirms that the squeez-
ing parameter does not depend on the applied pump strength
(which is parameterized by the linearized coupling rate, g).
Indeed, Eq. 19 can be more suggestively expressed in terms
of the coupling-independent resolved sideband cooling limit,
n0m:
sinh(rOM) = 2
√
n0m × (n0m + 1). (20)
Equation 20, shows that the ponderomotive squeezing in-
creases under conditions where resolved sideband cooling is
less effective. This observation will explain the need for
stronger levels of injected squeezing for ground state cool-
ing of systems in the “bad cavity limit” (κ/Ω  1). It will
also explain why more strongly squeezed states are needed for
drive detunings away from the optimal coherent state drive de-
tuning
∆0 = −1
2
√
κ2 + 4Ω2. (21)
To gain further intuition for Eqs. 19 and 20, it will be useful
to define the normalized drive detuning
∆˜ ≡ ∆/∆0. (22)
In terms of ∆˜, rOM takes the following form:
sinh(rOM) =
1
2
√(
∆˜ +
1
∆˜
)2(
κ
2Ω
)2
+
(
∆˜− 1
∆˜
)2
.
(23)
Equation 23 reveals several results:
rOM(∆˜ = 1) = 2rc. (24)
rOM(∆˜) ≥ 2rc. (25)
rOM(∆˜) = rOM(∆˜
−1). (26)
Equations 24 and 25 show that the critical squeezing parame-
ter, rc, emerges directly from considering the ponderomotive
squeezing without any consideration of ground state cooling.
The symmetry of the squeezing with respect to ∆˜ (Eq. 26)
accounts for the behavior displayed in Fig. 6. The next sub-
section will help elucidate why this symmetry also accounts
for the symmetric bifurcation behavior predicted in Fig. 2a of
the main text.
Optomechanical Response to the Injected Squeezing
As discussed in the main text, suppressing the lower
(Stokes) mechanical sideband opens the possibility of true
ground state cooling. To show when this condition is met,
we calculate the expected power spectral density of an ideal
homodyne detection of the squeezed drive field after its inter-
action with a cavity optomechanical system. The calculation
confirms that the power spectral density at the mechanical res-
onance frequency flattens when the system is driven with a
critically squeezed state.
When driving an optomechanical system with a squeezed
state at the optimum squeezing phase θ = θ0 (Eq. 8), the
quadrature amplification of the incident light field driving the
optomechanical cavity is completely out of phase with the am-
plification provided by the JPA. Figure 7 illustrates this be-
havior. For example, a weakly squeezed (r < rc) light field
driving the optomechanical system is expected to yield a net
reduction in the level of ponderomotive squeezing near δ = Ω.
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Figure 7. Calculated power spectral density (PSD) of the reflected drive field as would be detected by an ideal homodyne receiver. The field
quadrature being plotted is that which is maximally squeezed (ponderomotively). SNL denotes the shot noise limit (vacuum fluctuations). All
panels assume the same conditions as Fig. 6, with the exceptions of a constant drive detuning (∆ = ∆0) and a constant drive cooperativity
C = 4g
2
κΓ
= 5000. Each panel assumes a different level of injected squeezing, though the optimal squeezing phase θ = θ0 (Eq. 8) is assumed
throughout. The strength of the injected squeezing is parameterized by r, which has been expressed in units of the critical squeezing parameter,
rc. The critical squeezing for this cavity is −5 dB.
By increasing the level of injected squeezing (i.e. squeezing
from the JPA) to the point that r = 2rc, the ponderomotive
squeezing at the mechanical sideband is reamplified by the
optomechanical system back to the shot noise limit (SNL).
Stronger injected squeezed fields (r > 2rc) become further
amplified above the SNL near δ = Ω.
In addition to reversing the deamplification of the optome-
chanical system, the injection of squeezed light also sup-
presses the noise floor away from the mechanical sideband
frequency. When r = rOM2 = rc, this suppression of the noise
floor exactly meets rising noise level at δ = Ω, which flat-
tens the reflected drive field’s power spectral density. At this
critical point, the squeezed field scatters from the cavity as
if it were free of any optomechanical interaction (including a
frequency-dependent rotation of the squeezing phase).
When an optomechanical cavity produces strong pondero-
motive squeezing, it is necessary to inject a correspondingly
strong level of externally generated squeezing (in our case,
from the JPA) to suppress the mechanical sidebands. In light
of Eq. 20, it follows that sideband cooling optomechanical
devices in the bad cavity limit (where n0m is large) also re-
quires stronger levels of injected squeezing. This observation
accounts for the behavior exhibited in Fig. 2, which shows
that squeezing pushes colder bath temperatures into the bad
cavity limit. Similarly, drive detunings ∆ 6= ∆0 that pro-
duce stronger levels of ponderomotive squeezing require more
strongly squeezed fields (r > rc) to cool the mechanical mode
to the ground state. This explains the bifurcation behavior
of the optimal drive detunings (see Fig. 2). Indeed, solving
Eq. 23 for the detuning roots reproduces the detuning so-
lutions ∆±0 = −Ω cosh(2r)± 12
√
4Ω2 sinh2(2r)− κ2, pro-
vided that the identification r = rOM/2 is made.
Limits of The Cooling Enhancement
This section considers several important effects that limit
the cooling enhancement provided by the squeezing. They
will be presented in order of practical importance with respect
to our experimental parameters.
Drive Field Impurity
In our experiments, the impurity of squeezed state driv-
ing the optomechanical system primarily limited the cool-
ing enhancement. From conventional homodyne tomogra-
phy and optomechanical quantum nondemolition measure-
ments of the light [24], we conclude that the impurity can be
largely explained by microwave loss in the critical path be-
tween the JPA and the optomechanical circuit (Fig. 8a). Mod-
eling the variance of the squeezed field’s amplitude quadrature
Xˆ = 12 (aˆ
† + aˆ) as a pure squeezed state subject to such loss
yields
〈(∆Xˆ)2〉 = 1− ηin + ηin × (cosh 2rin − cos θ sinh 2rin)
4
.
(27)
Here, θ denotes the squeezing phase, rin the squeezing param-
eter for the pure squeezed state being injected into the crit-
ical path, and ηin the critical path microwave transmittance
(ηin ≈ 57± 2%). Figure 8b plots the variance as the squeez-
ing phase, θ, is rotated for several different values of ηin.
Modeling the squeezing in this way can be convenient since
only a single parameter, rin, is needed to specify a squeezed
state subject to a given level of loss. For other reasons, how-
ever, it can be more convenient to use the model described
in the main text where the state is specified by an effective
thermal photon occupancy, nl, and an ideal squeezing param-
eter, r. This approach dramatically simplifies the expression
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Figure 8. Modeling the impurity of the squeezing. a, A pure
squeezed state (whose squeezing strength is parameterized by rin)
is subject to loss via a beamsplitter of transmittance ηin. Though the
loss is to vacuum, the resulting squeezed state is impure and does
not obey the minimum uncertainty relation: 〈(∆Xˆ)2(∆Yˆ )2〉 6= 1
16
.
b, Amplitude variance 〈(∆Xˆ)2〉 of a pure −10 dB squeezed state
subject to loss as the squeezing phase, θ, is rotated (see inset). c, The
Gaussian state on the right-hand side of (a) can be equivalently rep-
resented with nl and r. The impurity is captured by the uncertainty
product 〈(∆Xˆ)2(∆Yˆ )2〉 = (1 + 2nl)2/16, which is maintained in
the presence of an ideal entropy-preserving squeezing operation (pa-
rameterized by r). d and e, Computed values of r and nl given vari-
ous values of rin and ηin (see Eqs. 29 and 30).
for the full bath temperature n˜bathm in the weak coupling limit
(Eq. 6). Additionally, the loss model empirically shows poor
agreement with our experimental data at higher inferred val-
ues of rin. In this regime, the squeezed state entering critical
path can no longer be assumed pure. Thus, at high squeezing
strengths (>8 dB), two parameters are once again required to
completely specify the quantum state of the drive field in our
experiments.
After a thermal state of occupancy nl is subject to an ideal
squeezing operation, the amplitude quadrature variance obeys
〈(∆Xˆ)2〉 = (1 + 2nl)× (cosh 2r − cos θ sinh 2r)
4
. (28)
Equation 28 confirms that the squeezing process is entropy-
preserving since the uncertainty product of the maximally
squeezed (θ = 0) and antisqueezed (θ = pi) quadratures is
maintained for any value of r. A Gaussian state that has been
specified by rin and ηin can be equivalently specified by nl
and r according to
r = ln
[(
1− ηin + ηine2rin
1− ηin + ηine−2rin
)1/4]
(29)
nl = −1
2
+
1
2
√
(1− ηin + ηine−2rin)(1− ηin + ηine2rin).
(30)
The behavior of nl and r for given values of rin and ηin is
plotted in Fig. 8d–e. In our experiments, we found that the
measured squeezing and the resulting cooling enhancement
agrees well with the {r, nl} pairs computed by Eqs. 29 and 30
(assuming ηin = 57%), provided that r < 0.5 (which corre-
sponds to approximately −8 dB of injected squeezing). As r
is increased further, the inferred values of nl grow appreciably
faster than the model predicts, suggesting the introduction of
uncorrelated noise from the JPA.
Strong Coupling
It can be convenient to describe the optomechanical inter-
action in terms of cavity and mechanical susceptibilities, χc
and χm (which are derived in the supplementary information
of reference [4]). From these susceptibilities, the following
approximation is often made:
χm
1 + g2(χc − χ¯c)χm ≈
(
Γtot/2− i(ω − Ωtot)
)−1
, (31)
Under this approximation, the right-hand side of Eq. 31 repre-
sents the “dressed” mechanical susceptibility, which includes
optical damping and springing effects. The expressions for
the mechanical bath occupancies in the main text (Eqs. 4 and
6) make use of this approximation.
When the applied drive power is increased to the point that
the linearized coupling rate, g, exceeds the mechanical and
cavity dissipation rates (Γ and κ, respectively), the interaction
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Figure 9. The full numerically computed effective mechanical bath
occupancy, n˜bathm , is plotted as a function of the normalized coupling
rate g/κ for various pure squeezed states. By numerically computing
the full bath occupancy, we account for the role of “strong coupling”
physics discussed elsewhere. Various squeezing parameters, r, have
been considered (and are expressed in units of the critical squeezing
parameter, rc in Eq. 5). All curves assume drive detuning ∆ = ∆0
(Eq. 21) and squeezing phase θ = θ0 (Eq. 8). The optomechanical
system is assumed to be deep in the resolved sideband cooling limit
(κ/Ω = 0.1).
enters the strong coupling regime. In this regime, the approx-
imation in Eq. 31 is no longer valid. The correction to the
resolved sideband cooling limit imposed by strong coupling
effects (e.g. normal mode splitting) has been carefully studied
for the case of coherent state drive fields [3, 36–38]. For a
coherent state of the drive field, the final phonon occupancy,
nm, can be expanded in terms of the normalized parameters
κ/Ω and g/Ω at zero temperature to yield [3, 36]
nm ≈
(
κ
4Ω
)2
+
1
2
(
g
Ω
)2
. (32)
The first term in Eq. 32 corresponds to n0m (Eq. 2) in the re-
solved sideband limit (κ/Ω 1) when ∆ = ∆0. The (g/Ω)2
correction can be viewed as a strong coupling effect since it
becomes comparable to (κ/4Ω)2 when g ≈ κ.
Figure 9 generalizes this correction to the full mechani-
cal bath occupancy n˜bathm resulting from using squeezed drive
fields. n˜bathm is numerically computed as a function of the
normalized coupling strength, g/κ, assuming pure squeezed
drive fields at the optimal squeezing phase (θ0) and detun-
ing (∆0). A deeply sideband resolved optomechanical system
(κ/Ω = 0.1) has been assumed. The plot shows how (g/Ω)2
continues to bottleneck the cooling. For the highest coupling
rates in our experiments, however, this contribution to nbathm
falls two orders of magnitude below the heating effect arising
from the impurity of the squeezing (see previous subsection).
Even when accounting for the ambient thermal environment in
our experiments (nthm ≈ 75), the (g/Ω)2 contribution would
in principle limit our experiments to nm ≥ 10−2 with pure
squeezed states. Therefore, it does not meaningfully limit our
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Figure 10. Comparison of the mechanical bath temperature with
squeezed light (n˜bathm , Eq. 33) and unsqueezed light (n0m, Eq. 2) in
the presence of internal cavity loss. The bath occupancies are plot-
ted as a function of the external coupling rate κext normalized to the
cavity’s internal loss rate, κ0. Each color corresponds to a differ-
ent value of κ0. n˜bathm (n0m) curves are denoted by solid (dashed)
lines. All curves assume a drive detuning ∆0 (Eq. 21) from cavity
resonance and the corresponding optimal squeezing phase θ0 (Eq. 8).
n˜bathm and n0m approach the same limit (Eq. 35) as κext/κ0 → 0, in-
dicating that internal cavity loss limits the coldest temperatures that
can be reached when sideband cooling with any Gaussian state. For
κext  κ0, n0m diverges (Eq. 37) whereas n˜bathm asymptotically ap-
proaches the ratio κ0/4Ω (Eq. 36).
experimental results.
Cavity Loss
In our experiments, the optomechanical circuit was strongly
overcoupled to the feed line carrying the squeezed microwave
field. This “external” coupling rate κext ≈ 27 MHz domi-
nated the “internal” cavity loss rate κ0 < 100 kHz by at least
two orders of magnitude. Accordingly, microwave loss in-
side of the cavity did not play a significant role in limiting
the achievable cooling enhancement. Nevertheless, it is worth
considering the effects of internal cavity loss since they be-
come most important when operating in the desirable resolved
sideband cooling limit. Moreover, the effect of cavity loss is
subtle; it cannot be correctly modeled as a loss channel out-
side of the cavity.
We will briefly describe how internal cavity loss limits side-
band cooling for any Gaussian state of the drive field. To
simplify this discussion, we will neglect the strong coupling
effects that were discussed in the previous subsection. Addi-
tionally, to consider only fundamental limits, we will assume
access to arbitrarily strong (pure) squeezed states at the input
port of the cavity. We will also assume that the cavity is held
at low enough temperatures that the internal loss process can
be treated as coupling to microwave vacuum. Finally, we will
focus the discussion on the behavior of the effective mechan-
ical bath temperature in the presence of cavity loss, n˜bathm (as
12
opposed to the final phonon occupancy, nm in Eq. 3).
In describing how n˜bathm is affected by κ0, it will be useful
to define η = κextκ = 1− κ0κ . For any 0 < η < 1,
n˜bathm (κ) = η × nbathm (κ) + (1− η)× n0m(κ), (33)
where κ = κext + κ0. In Eq. 33, n0m(κ) denotes the re-
solved sideband cooling limit for coherent states (Eq. 2), and
nbathm (κ) represents the mechanical bath temperature in the
presence of pure squeezing (Eq. 4). It can be helpful to inter-
pret n˜bathm (κ) as the result of coupling the mechanical mode
to nbathm (κ) and to n
0
m(κ) via a beamsplitter of transmittance,
η.
By assuming access to pure and arbitrarily strong squeez-
ing, it is always possible to choose a squeezing parameter r
such that nbathm (κ) = 0. Furthermore, by eliminating the first
term in Eq. 33, it becomes clear that the drive detuning that
minimizes n˜bathm (κ) is the same detuning, ∆0, that minimizes
n0m(κ). We conclude that
n˜bathm (κ) ≥
κ0
κext + κ0
×
(
1
2
√
1 +
(
κext + κ0
2Ω
)2
− 1
2
)
,
(34)
where the term in parenthesis gives the ∆ = ∆0 expression
for n0m(κ). Since n˜
bath
m (κ) decreases as κext → 0 (given some
internal loss rate κ0 being held constant), we conclude that
n˜bathm (κ) > n
0
m(κ0). (35)
Equation 35 conveys that the cooling limit for any Gaussian
state is set by the cavity’s internal loss rate.
Despite the limit imposed by κ0, Fig. 10 illustrates how
pure squeezed light always provides a colder mechanical
bath temperature than unsqueezed light given κext > 0.
The lower temperature bound given by Eq. 35 is asymptot-
ically approached in the weakly undercoupled limit where
κext  κ0. On the other hand, in the strongly overcoupled
limit (κext  κ0), Eq. 34 yields a distinctly different behav-
ior than that of n0m:
n˜bathm (κ)
κextκ0≈ κ0
4Ω
(36)
n0m(κ)
κextκ0≈ κext
4Ω
. (37)
The coherent state limit n0m(κ) diverges as κext → ∞,
whereas n˜bathm (κ) asymptotes to a value given by the inter-
nal loss rate. Thus, given a strongly overcoupled cavity, the
cooling advantage conferred by a pure state of squeezed light
increases as κext/κ0 grows. Moreover, in the “intrinsic” bad
cavity limit where κ0/2Ω 1, n˜bathm (κ) becomes largely in-
sensitive to changes in κext altogether.
SUPPLEMENTARY TABLES
Parameter Symbol Value
Mechanical resonance frequency Ω 2pi × 10.1 MHz
Total cavity linewidth κ 2pi × 27 MHz
Resolved sideband cooling limit (phonon occupancy) n0m 0.33
Critical squeezing parameter rc 0.55
Cavity resonance frequency ωc 2pi × 6.4 GHz
Cavity internal loss rate κ0 < 2pi × 100 kHz
Intrinsic mechanical linewidth Γ 2pi × 15 Hz
Vacuum optomechanical coupling rate g0 2pi× 260 Hz
Microwave critical path transmittance (between JPA and OM) ηin 57± 2%
Input squeezing parameter (before critical path) rin -
Effective thermal occupancy of the squeezing nl -
Effective entropy-preserving squeezing parameter r -
Detection chain noise temperature TN 4.6 K
Effective heterodyne detection efficiency ηdet 6.5%
Base temperature of dilution cryostat T 37 mK
Figure 11. Summary of notation. The corresponding values of any system constants are given.
